SRY (sex determining region Y)-box 9 (SOX9) is required for oncogenic Kras-mediated acinar-to-ductal metaplasia (ADM), pancreatic intraepithelial neoplasias (PanINs) and ultimately pancreatic ductal adenocarcinoma (PDAC). However, how oncogenic Kras affects SOX9 activity is not yet understood, and SOX9-associated genes in PDAC are also unknown at all. Here, we investigated the mechanistic link between SOX9 and oncogenic Kras, studied biological function of SOX9, and identified SOX9-related genes and their clinical significance in patients with PDAC. Our studies reveal that oncogenic Kras induces SOX9 mRNA and protein expression as well as phosphorylated SOX9 expression in human pancreatic ductal progenitor cells (HPNE) and pancreatic ductal cells (HPDE). Moreover, oncogenic Kras promoted nuclear translocation and transcriptional activity of SOX9 in these cells. TAK1/IκBα/NF-κB pathway contributed to induction of SOX9 by oncogenic Kras, and SOX9 in turn enhanced NF-κB activation. SOX9 promoted the proliferation of HPNE and PDAC cells, and correlated with minichromosome maintenance complex components (MCMs) and mediator of DNA damage checkpoint 1 (MDC1) expression. The overexpressive MDC1 was associated with less perineural and lymph node invasion of tumors and early TNM-stage of patients. Our results indicate that oncogenic Kras induces constitutive activation of SOX9 in HPNE and HPDE cells, and Kras/TAK1/IκBα/NF-κB pathway and a positive feedback between SOX9 and NF-κB are involved in this inducing process. SOX9 accelerates proliferation of cells and affects MCMs and MDC1 expression. MDC1 is associated negatively with invasion and metastasis of PDAC.
INTRODUCTION
Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal human cancers in western countries. 1 It has an extremely poor prognosis and lacks early diagnostic and therapeutic modalities. 2 Hence, PDAC poses one of the greatest challenges in cancer research.
The mutational activation of Kras is an early event in PDAC development and has been detected in 80-95% of PDAC, which plays a critical initiating role in this disease. 3 Previous findings reveal that oncogenic Kras mutations induce acinar-to-ductal metaplasia (ADM), pancreatic intraepithelial neoplasia (PanINs) and ultimately PDAC. 4, 5 A recent study demonstrates that SRYrelated human motility group box factor 9 (SOX9) is necessary for Kras G12D -mediated ADM and PanIN formation. Deletion of SOX9 in the presence of oncogenic Kras completely blocked Kras G12D -mediated development of ADM and PanINs. 6 However, the mechanisms that link SOX9 activation with oncogenic Kras are not yet understood, and what genes are affected by SOX9 to facilitate PanIN formation are also unknown at all.
SOX9 is a member of the SRY-related human motility group-box (SOX) gene family of transcription factors. It has been known that SOX9 interacts with other co-factors to form nucleoprotein complexes to regulate downstream gene transcription, and phosphorylation of serine residues S64 and S181 enhances nuclear localization and transcriptional activity of SOX9.
7 SOX9
plays a pivotal role in progenitor proliferation and differentiation during human pancreas and liver development. 8, 9 Some studies showed that SOX9 plays an oncogenic role in tumor development, and is upregulated in tumor tissues and associated with poor patient survival. [10] [11] [12] But SOX9 was also reported to be a potential tumor suppressor in cervical cancer, and even high SOX9 correlated with good prognosis in pancreatic cancer. [13] [14] [15] Therefore, functions and clinical significance of SOX9 in pancreatic cancer remain to be further clarified.
In the present study, we verified whether oncogenic Kras induces activation of SOX9 in immortalized pancreatic ductal progenitor cells and ductal cells, as well as PDAC cells, and further investigated the potential signaling pathway by which Kras links SOX9 activity. In addition, we researched biological functions of SOX9 in pancreatic ductal progenitor cells and PDAC cells. Finally, the SOX9-relevant genes and their clinical significances in patients with PDAC were investigated.
RESULTS

Oncogenic Kras induces expression of SOX9
The immortalized HPNE cells have properties similar to that of the intermediary cells produced during ADM, and HPDE cells are immortalized human pancreatic ductal epithelial cells, 16 ,17 so we utilized HPNE, HPDE and their derivative cells with mutant Kras (Kras G12V ) overexpression (HPNE/Kras and HPDE/Kras) to investigate Kras-induced SOX9 expression in pancreatic ductal progenitor cells and ductal cells. It was observed that both SOX9 messenger RNA (mRNA) and protein levels in HPNE/Kras and HPDE/Kras were significantly increased when, respectively, compared with control HPNE and HPDE cell lines (Figure 1a) . In order to observe more clearly the inducing effect of oncogenic Kras on SOX9 expression, we established doxycycline-induced expressingKras G12V HPNE cell line (HPNE/iKras) in this study. It was found that mRNA and protein levels of SOX9 were all elevated significantly in response to induced expression of Kras G12V after third day following doxycycline treatment ( Figure 1b) . Furthermore, we also saw similar inductive effect of Kras G12D on SOX9 in the mouse inducible Kras G12D p53 L/+ PDAC cell line (iKras) that was obtained from Dr Ronald DePinho's laboratory.
18 SOX9 was induced in response to induced expression of Kras G12D from 24 h after doxycycline was applied on iKras cells (Figure 1c) .
We further determined whether SOX9 expression is different between human PDAC cell lines with wild-type Kras and those with mutant Kras. SOX9 mRNA and protein expression levels were tested in the human PDAC cell lines with wild-type Kras (BxPc-3) and the PDAC cell lines with mutant Kras (Panc-1, Capan-1, AsPc-1 and MiaPaCa-2). We found that SOX9 protein levels were significantly higher in the PDAC cells with mutant Kras than that in the PDAC cells with wild-type Kras. However, the SOX9 mRNA levels did not have significant differences between the two kinds of cell lines, suggesting posttranslational modification of proteins might contribute to the increase of SOX9 protein levels ( Figure 1d ). As well known, elevated protein expression can be caused by increasing protein stability besides activation of transcription. Thus, we tried to figure out whether SOX9 expression were upregulated via increased stability of SOX9 protein. The SOX9 protein levels in BxPc-3 and AsPc-1 were measured at indicated time points following treatment with the protein synthesis inhibitor cycloheximide (Figure 1e ). It was found that SOX9 half-life of AsPc-1 was significantly longer than that of BxPc-3, suggesting that SOX9 stability in AsPc-1 cells is better than its stability in BxPc-3 cells (Figures 1e and f) . To verify if Kras promotes stability of SOX9 protein, we analyzed the half-life of SOX9 in HPNE, HPNE/Kras, HPDE and HPDE/Kras cells. The results showed that SOX9 half-life times in HPNE/Kras and HPDE/Kras were significantly longer, respectively, than that in HPNE and HPDE (Supplementary Figure S1) . We also investigated if SOX9 was induced by Kras in PDAC cell lines. We overexpressed Kras G12D in BxPc-3 cells (BxPc-3/Kras) using Lipofectamine transfection system, and reduced Kras level in AsPC-1 by the Kras siRNA (AsPc-1/siRNA). It was observed that SOX9 expression level was increased in BxPc-3/Kras cells, while decreased in AsPc-1/siRNA cells (Supplementary Figure S2) . Taken together, these results indicate that oncogenic Kras can independently induce SOX9 Oncogenic Kras promotes nuclear translocation and transcriptional activity of SOX9 To determine whether oncogenic Kras facilitates nuclear translocation of SOX9 and enhances transcriptional activity of SOX9, HPNE, HPNE/Kras, HPDE, HPDE/Kras cells were subjected to immunofluorescence staining of SOX9 or phosphorylated SOX9 at Serine 181 (SOX9-p S181 ). It was observed that HPNE/Kras cells had obvious nuclear expression of SOX9, while few control HPNE cells had SOX9 expression in nucleus, suggesting SOX9 in HPNE/ Kras cells underwent nuclear localization (Figure 2a) . That was further verified by western blot assay (Supplementary Figure S3) . In addition, SOX9-p S181 expression in nucleus and cytoplasm of HPNE/Kras cells was increased comparing with the control HPNE cells (Figure 2b ). For HPDE and HPDE/Kras cells, they already had nuclear localization of SOX9 (Figure 2c ). However, HPDE/Kras cells had higher SOX9 and SOX9-p S181 expression in cell nucleus and cytoplasm than the control HPDE cells (Figure 2d ). Western blot assays further confirmed that SOX9-p S181 expression levels in HPNE/Kras and HPDE/Kras were obviously elevated when compared, respectively, to HPNE and HPDE (Figure 2e ). Furthermore, immunofluorescence staining of SOX9 or phosphorylated SOX9 were conducted in PDAC cells. It was found that AsPc-1 and miapaca-2 cells already had nuclear localization of SOX9 (Supplementary Figure S4) . All these results suggest that oncogenic Kras promotes nuclear translocation of SOX9 in HPNE cells and enhances expression of phosphorylated SOX9 besides total SOX9 in HPNE and HPDE cells. SOX9 might undergo nuclear translocation and be gradually functionally activated in the process from ADM to PanINs and ultimate PDAC.
We then analyzed transcriptional activity of SOX9 by testing AMH expression, a direct target gene of SOX9. The results showed that both AMH mRNA and protein expression levels in HPNE/Kras and HPDE/Kras were significantly higher than that in HPNE and HPDE (Figures 2f and g ). To sum up, the data suggest that oncogenic Kras promotes constitutive activation of SOX9 during PDAC development.
SOX9 accelerates the proliferation of pancreatic ductal progenitor cells and PDAC cells To understand the biological function of SOX9 during PDAC development, we established the HPNE cell line with ectopic expression of SOX9 (HPNE/SOX9) using a lentivirus-mediated overexpression system (Supplementary Figure S5A) . The growth characteristics of these cells were examined. As shown in Figure 3a , SOX9 overexpression promoted significantly the proliferation of HPNE cells in vitro. However, clone formation assays showed that clone-forming capability of HPNE cells was not facilitated by SOX9.
We next constructed a lentiviral vector expressing SOX9 shRNA and established the AsPc-1/SOX9-shRNA and MiaPaCa-2/SOX9-shRNA cell lines which stably express SOX9 shRNA. Successful knockdown of SOX9 in these cells was confirmed by western blot (Supplementary Figure S5B) . As shown in Figures 3b and c , cell Figure S6) . We further confirmed the promoting action of SOX9 on tumor growth in vivo by nude mouse orthotopic xenograft model. Results showed that AsPc-1/ SOX9-shRNA cells formed smaller xenograft tumors than their control cells did in nude mouse model (Figures 3f and g ).
Since Kras can accelerate cell proliferation, we further investigated whether SOX9 promoted proliferation of HPNE and AsPc-1 through Kras. To this aim, we determined Kras activity in the cell lines with SOX9-overexpression (HPNE/SOX9) and SOX9-knockdown (AsPc-1/SOX9-shRNA). The results showed that Kras activity were not affected by SOX9 in these cell lines (Supplementary Figure S7) . These findings together suggest that SOX9 positively regulates growth of pancreatic ductal progenitor cells and PDAC cells.
TAK1/IκBα/NF-κB pathway contributes to induction of SOX9 by oncogenic Kras and a positive feedback exists between SOX9 and NF-κB Accumulated evidences have shown a key role of the NF-κB signaling pathway in Ras-driven cancers using animal models of cancer. [19] [20] [21] Recent studies suggest that SOX9 is upregulated by NF-κB in endometrial carcinoma cells and pancreatic cancer stem cells. 22, 23 Consequently, we hypothesized that TAK1/IκBα/NF-κB pathway participates in the induction of SOX9 by oncogenic Kras. To confirm this hypothesis, we first tested the effects of TAK1-kinase selective inhibitor LYTAK1 on expression of SOX9 in iKras cells. 1 As described before, SOX9 should have been inductively increased along with Kras from 24 h of doxycycline treatment in iKras cells, but in the presence of LYTAK1, SOX9 could not be completely induced by Kras (Figure 4a ). We then conducted similar experiment in HPNE/Kras and HPDE/Kras cell lines. The first sh-SOX9 was used in this experiment. (g) Reduced tumor weights of xenografts generated by AsPc-1 cells transfected with SOX9-shRNA (n = 6). *P o0.05; **P o0.01; ***P o0.001. Data are presented as means ± s.d.
Likewise, we observed that the SOX9 expression was significantly suppressed in presence of LYTAK1, suggesting that TAK1 contributes to inductive increasing of SOX9 by Kras (Figure 4b ). Further, we analyzed SOX9 expression in AsPc-1 cell line expressing inducible TAK1 shRNA (AsPc-1/ishTAK1) and mouse pancreatic cancer cell line with TAK1 knock out (P-D, Kras G12V , P53 m/+ , TAK1 F/F cell line), all of which had been established in Dr Chiao's laboratory. It was found that SOX9 expression levels in the AsPc-1/ishTAK1 apparently decreased along with TAK1 reduction on the third day of doxycycline induction ( Figure 4c ). Similarly SOX9 expression levels in mouse P-D, Kras G12V , P53 m/+ , TAK1 F/F cell lines were visibly lower than that in mouse P-D, Kras G12V , P53 m/+ , TAK1 +/+ cell lines (Figure 4d ). Then, we tested SOX9 expression levels in AsPc-1/mutant-IκBα cell line, which harbors flag-tagged phosphorylation defective mutant of IκBα (IκBα S32, 36A) and had been established in Dr Chiao's laboratory. 24 Western blot results showed that SOX9 expression levels were remarkably downregulated in AsPc-1/mutant-IκBα cell line compared with control cell line (Figure 4e ), suggesting that inhibition of NF-κB attenuates expression of SOX9. Furthermore, to clarify if increased NF-κB activity elevates SOX9 expression in the absence of oncogenic Kras, we treated HPNE cells with TNF-α to activate NF-κB and then test Sox9 level. As we expected, SOX9 expression levels were elevated once NF-κB activation was induced by cytokine TNF-α in HPNE cells (Supplementary Figure S8) . Since NF-κB has previously been linked to Kras activity, we investigated if LYTAK1 influences Kras activity. The Kras activity in HPNE/Kras and AsPc-1 cells was tested after these cells were treated with LYTAK1. It was found that Kras activity was not affected by LYTAK1 in these cells (Supplementary Figure S9) . All these data revealed that oncogenic Kras induces SOX9 expression in part through TAK1/IκBα/NF-κB pathway.
Interestingly, we also found that NF-κB subunit p65 and phosphorylated P65 (p-P65) in AsPc-1/shSOX9 and MiaPaCa-2/ shSOX9 cell lines were downregulated significantly when, respectively, compared to their control cell lines (Figure 4f ). These findings suggest that inhibition of SOX9 also reduces NF-κB activation and there may be a feedback mechanism for positively regulating NF-κB and SOX9 in PDAC cell. To further verify these findings in pancreatic ductal progenitor cells, we tested p65 and p-P65 expression levels in the HPNE and HPNE/SOX9 cell lines by western blotting. As expected, p65 and p-P65 protein expression levels in HPNE/SOX9 cells were significantly elevated compared with control cells (Figure 4g ). These observations suggest that SOX9 and NF-κB might promote each other during initiation and progression of PDAC by establishing a positive feedback mechanistic loop.
SOX9 is associated with expression of MCMs and MDC1
In view of important roles of SOX9 in PDAC development, we carried out RNA-seq assay to characterize the SOX9-related genes and pathways using the PDAC cell lines with SOX9 knockdown. Gene expressions of MiaPaCa-2/SOX9-shRNA cells and their control cells were profiled and a number of known and previously unknown SOX9-related gene sets were identified by Gene Set Enrichment analyses using gene ontology, and a list of differential expressed gene sets between MiaPaCa-2/SOX9-shRNA and control scramble cells was generated (Supplementary Tables S1 and S2) . Twenty-five gene sets were significantly enriched at nominal P-value o1% in MiaPaCa-2/scramble cells. three gene sets were significantly enriched at false discovery rate q value (FDR)o 25% and 43 gene sets were significantly enriched at nominal P-value o1% in MiaPaCa-2/SOX9-shRNA cells. Gene Set Enrichment analysis revealed that collagen gene set and BMPs were downregulated in SOX9 knockdown cells, which indicates SOX9's important roles during cartilage and bone development as we understood before. Furthermore, we observed that minichromosome maintenance complex components (MCMs), a family of eukaryotic DNA helicase complex required for the process of DNA replication, and some cyclins and CXCL/CCLs were differentially expressed between MiaPaCa-2/SOX9-shRNA and control scramble cells. Gene Set Enrichment analysis of significant gene downregulation in MiaPaCa-2/SOX9-shRNA revealed that they are strongly associated to DNA replication, cell cycle and inflammatory response (Figure 5a) , which is consistent with preceding results of SOX9 function analyses. The upregulated and downregulated genes in MiaPaCa-2/SOX9-shRNA cells also were classified using Panther Classification System according to molecular function (Figure 5b ).
Among the differentially expressed genes, we selected some genes mainly related to DNA replication and DNA damage repair to further confirm the association of SOX9 with these genes. Quantitative PCR assay validated the PDAC cells with SOX9 knockdown had lower mRNA levels of MCM2, MCM4, MCM5, MCM7, mediator of DNA damage checkpoint 1 (MDC1), ubiquitin specific peptidase 2 (USP2), proliferating cell nuclear antigen and bone morphogenetic protein 4 (BMP4) (Figure 5c ). Further, western blot assay demonstrated that the protein expression levels of MCM2, MCM7 and MDC1 were decreased in PDAC cell lines with SOX9 knockdown compared to the controls (Figure 5c ). We then tested the expression of these genes in HPNE/SOX9 cells and their control. It was found that mRNA and protein expression levels of MCM2, MCM7 and MDC1 in HPNE/SOX9 cells were higher significantly than that in the control cells (Figure 5d ). All together, these data suggest that SOX9 is associated with MCMs and MDC1 expression.
SOX9 positively correlates with MDC1 in pancreatic cancer and tumor-adjacent pancreatic tissues Given that role of SOX9 in PDAC growth and important functions of MCMs and MDC1 in DNA replication and damage repair progression, [25] [26] [27] we explored clinical significances of SOX9, MCM2 and MDC1 in tissue samples from patients with PDAC. Immunohistochemical staining for SOX9, MDC1 and MCM2 was performed on primary PDAC tissues and tumor-adjacent pancreatic tissues from a large cohort of PDAC patients (n = 104). All the patients have tumors and matched tumor-adjacent pancreatic tissues. SOX9 and MDC1 staining was found in the cytoplasm and nucleus of tumor cells and of tumor-adjacent pancreatic acinar cells, while MCM2 was mainly expressed in nucleus of tumor cells and few MCM2 was stained in tumor-adjacent pancreatic tissues (Figures 6a and b) .
We examined the correlation of MCM2 and MDC1 with SOX9 in human pancreatic cancer tissues and tumor-adjacent pancreatic tissues according to immunohistochemistry scoring. The results showed that MDC1 expression levels positively correlated with SOX9 expression levels whether in tumorous tissues or surrounding pancreatic tissues (tumorous tissues, Spearman's ρ = 0.341, 95% confidence interval (CI):0.2-0.5, P = 0.0004 and tumoradjacent pancreatic tissues, Spearman's ρ = 0.404, 95% CI: 0.2-0.6, P o0.0001). However, MCM2 expression levels were not significantly associated with SOX9 levels whether in tumorous tissues or in adjacent pancreatic tissues (tumorous tissues, Spearman's ρ = 0.097, P = 0.327 and tumor-adjacent pancreatic tissues, Spearman's ρ = 0.1411, P = 0.153).
We then compared, respectively, SOX9, MCM2 and MDC1 expression levels between tumor tissues and tumor-adjacent pancreatic tissues. The results revealed that MCM2 expression levels in tumor tissues were significantly higher than that in tumor-adjacent pancreatic tissues (Figure 6c) , which is consistent with previous studies suggesting MCM protein is absent in quiescent cells but abundant in active mitotic cells. 25, 26 In contrast, we did not find any differences of expression levels between tumor tissues and tumor-adjacent pancreatic tissues regarding SOX9 and MDC1 (Figure 6c ). To rule out the field effects of immunohistochemistry staining, we investigated if SOX9 and MDC1 levels in tumor tissues were associated with their levels in tumor-adjacent tissues. Both SOX9 and MDC1 levels in tumorous tissues were not associated with their levels in adjacent pancreatic tissues. (SOX9, Spearman's ρ = 0.099, P = 0.319 and MDC1, Spearman's ρ = −0.048, P = 0.629).
The associations of SOX9, MCM2 and MDC1 in tumor tissues with clinicopathologic features of patients with PDAC were further analyzed using the median expression levels as the cutoff value. We observed that MDC1 expression levels in tumor tissues were significantly associated inversely with perineural and lymph node invasion of tumors and TNM-stage of patients (Table 1 and Figure 6d ), suggesting MDC1 correlates negatively with invasion and metastasis of PDAC. In contrast, neither SOX9 nor MCM2 expression levels was related to any clinicopathologic features (Table 1) .
To investigate the correlation of SOX9 with outcome of PDAC patients, Kaplan-Meier analyses for overall survival were performed using the median tumorous SOX9, MDC1 or MCM2 levels as the cutoff for the definition of subgroups. No significant association was found between their expression levels and overall survival of patients (Supplementary Figure S10) .
DISCUSSION
In this study, we first demonstrated that oncogenic Kras induced SOX9 expression by promoting SOX9 gene transcription and SOX9 protein stability. SOX9 is lowly expressed in pancreatic ductal progenitor cells (HPNE) and ductal cells (HPDE), which do not have oncogenic Kras, but highly expressed in PDAC cells with oncogenic Kras. These data indicate that Kras can independently induce SOX9 in progenitor cells of PDAC, suggesting that SOX9 is induced to express once pre-malignant cells get mutation of Kras during initial and developmental stage of PDAC and finally constitutively activated in PDAC cells. Accumulated evidences have indicated that the oncogenic Kras plays a critical initiating role in PDAC. 3, 16 A previous study based on genetically engineered mouse models demonstrated that concomitant expression of SOX9 and oncogenic Kras can induce transformation of acinar cells into duct-like cells and subsequent PanIN formation. 6 Here, our data indicate that Kras can independently induce SOX9 in progenitor cells of PDAC. Our results increased the understanding of the mechanisms that link SOX9 activation with oncogenic Kras.
On the other hand, we found that there was not SOX9 nuclear localization in HPNE cells; however, SOX9 nuclear localization occurred when oncogenic Kras were overexpressed in these cells. In contrast, HPDE and PDAC cells had already SOX9 nuclear localization even without forced overexpression of Kras. Furthermore, phosphorylated SOX9 was elevated in HPNE/Kras and HPDE/Kras compared to their original cells without oncogenic Kras. It was well known that both translocation of SOX9 from cytoplasm to nucleus and phosphorylation of SOX9 are functionally important for activation of SOX9. In view of that the HPNE cells have properties similar to that of the intermediary cells produced during ADM, and HPDE cells belong to ductal epithelial cells, we suppose that SOX9 undergoes nuclear translocation and functional activation during the course from ADM to PanINs and ultimate PDAC. Importantly, Kras may well promote SOX9 expression, nuclear localization and constitutive SOX9 activation in the initiation and development of PDAC. Furthermore, our results show that TAK1/IκBα/NF-κB pathway are involved in Kras-induced SOX9 activation. That indicates the presence of Kras/TAK1/IκBα/NF-κB/SOX9 axis in pancreatic ductal progenitor cells and PDAC cells. Interestingly we also found that SOX9, in turn, promoted NF-κB activity, suggesting there is a feedback mechanism between SOX9 and NF-κB pathway. Our previous findings reveal that AP-1 induced by oncogenic Kras G12D initiates feedforward loops of IL-1α and p62 to induce and sustain constitutive NF-κB activation. 3 Here, we show additional mechanism by which oncogenic Kras promotes NF-κB activity, namely Kras/TAK1/IκBα/NF-κB/SOX9 axis and activation of feedback from SOX9 to NF-κB. Accumulating evidence shows that the NF-κB signaling pathway has a key role in Ras-driven cancers. The inhibition of NF-κB signaling can suppress tumorigenesis of pancreatic cancer cells and the NF-κB signaling pathway is a potential target for anticancer agents. 21, 28, 29 The feedback between SOX9 and NF-κB signaling pathway found in this study, will amplify activating of NF-κB and SOX9. Therefore, the mechanism underlying this feedback remains to be further researched. Strategies designed to disrupt this feedback loop might be developed to prevent partly initiation and progression of PDAC.
In the present study, RNA-seq and Gene Set Enrichment analyses results indicate that the SOX9-regulated genes included mainly the genes related to cell-cycle progression and DNA replication which is consistent with results from SOX9 function research in this study. Our study first demonstrated MCM2, MCM7 and MDC1 are associated with SOX9 in pancreatic ductal progenitor cells and PDAC cells. The MCM proteins are critical for licensing DNA replication in proliferating cells and are obvious markers for proliferation. Accumulating evidences suggest that during early cancer development altered MCM2-7 resulting from oncogene expression leads to a particularly mutagenic form of DNA replication that fuels genomic instability and proliferation. 25, 26, 30 Consequently, we assume that dysregulation of MCMs contribute to the SOX9-promoting ADM or PanIN formation. This hypothesis remains to be confirmed in future.
MDC1 is a crucial component in the DNA damage response network. It is chromatin remodeling factors required for the recruitment of DNA repair proteins to the DNA damage sites. 27, 31, 32 In this study, we found that MDC1 was correlated with good clinicopathologic features of patients. The patients with high MDC1 in their tumor tissues tend to have less perineural and lymph node invasion and early stage, suggesting it is negatively However, whether MDC1 functions as an invasion-or metastasissuppressor in PDAC remains be further studied. In addition, our results showed that SOX9 was positively associated with MDC1 in PDAC cells; however, we did not find that SOX9 affect migration and invasion of PDAC cells. We thought that these seemingly inconsistent data might be because SOX9, as a transcription factor, regulated many genes in PDAC cells as shown in the results from RNAseq in our study. SOX9 has effects not only on potential invasion suppressor (for example, MDC1) but also on possible invasion promoter. As showed in Figure 5c , SOX9 also influences BMP4. BMP4 has been reported to promote metastasis and invasion in breast cancer and hepatocellular carcinoma. 35, 36 Moreover, SOX9 also was associated with several gene sets relevant to tumor metastasis as showed in the RNA-seq data (Supplementary Tables S1 and S2 ), for example, ZUCCHI_METAS-TASIS_UP and NAKAMURA_METASTASIS_MODEL_UP. Therefore, SOX9 might not show an obvious effect on invasion and metastasis of PDAC cells. Although SOX9 is a mediator of oncogenic Kras and plays a positive role in proliferation of pancreatic ductal progenitor cells and PDAC cells, we did not find that SOX9 was associated with the tumor stage or overall survival of PDAC patients in this study. Several aspects may contribute to this discrepancy. First, SOX9 facilitates not only proliferation-promoting genes but also tumorsuppressing genes (for example, MCMs and MDC1 found in our study), depending on specific context of tumor development. Second, it is also possible that SOX9 is necessary for the initiation of PDAC whereas it may become nonessential in later stage. Third, SOX9 not only is a mediator of oncogenic Kras but also plays a physiologically role in the developing and adult human pancreas. 37 In addition, SOX9 is acknowledged as a ductal cell maker; however, we observed that SOX9 was also expressed in acinar cells of tumor-adjacent pancreatic tissues in this study. We demonstrated that peritumoral SOX9 did not correlate with tumorous SOX9, suggesting high peritumoral SOX9 level was not caused by field effect of immunostaining. The specificity of the SOX9 antibody used for immunohistochemical staining in this study was confirmed by western blot experiments (Supplementary Figure S11) . Kopp et al. demonstrated that SOX9 expression had already been initiated before Kras G12D -mediated ADM and PanINs. 6 We assume that SOX9 was expressed in some tumoradjacent acinar cells which are at the staring stage of acinar-toductal reprogramming, which remains to be further researched.
In this study, we did not see differential expression of SOX9 between tumor and tumor-adjacent pancreatic tissues and MCM2 had low expression in many PDAC tissues. Furthermore, our immunohistochemical data did not show SOX9 and MCM2 were good biomarkers for predicting clinical outcome of PDAC patients. It seems that SOX9 and MCM2 have no vital roles in maintaining of PDAC. But we found that SOX9 was induced independently by Kras and played an important role in proliferation of progenitor cells and PDAC cells. We thought that SOX9 and MCM2 might play critical roles in the initiation and development of PDAC rather than later stage of PDAC. The other two previous studies also support this view point. Grimont et al. found that SOX9 correlated with high expression of several members of the EGFR pathway, but SOX9 in tumor tissue was not associated with poor prognosis of PDAC patients. 14 Kopp et al. demonstrated that SOX9 was necessary for early stage of PDAC formation. 6 Our and their results suggest that SOX9 function is required for the initial phase of PDAC development but may become dispensable later. In addition, although we observed that SOX9 affected MCM2 expression in HPNE and PDAC cells in vitro, SOX9 did not display a significant association with MCM2 in the immunohistochemistry studies. The inconsistent expression between SOX9 and MCM2 is possibly because MCM2 is also regulated by other signal or molecules from surrounding cells or tissues in vivo.
In summary, we report here oncogenic Kras promotes constitutive activation of SOX9 potentially through Kras/TAK1/ IκBα/NF-κB/SOX9 axis during PDAC development and there is a feedback mechanism between NF-κB pathway and SOX9; SOX9 is associated with expression of MCMs and MDC1, and MDC1 appears to be negatively correlated with invasion and metastasis of PDAC. Future studies should be encouraged to investigate the mechanism underlying the feedback between NF-κB pathway and SOX9, verified anti-invasion function of MDC1, and to examine whether dysregulation of MCMs contribute to the PanIN formation promoted by SOX9.
MATERIALS AND METHODS
Cell lines and culture
The hTERT-immortalized human pancreatic epithelial nestin-expressing cells (HPNE) and Kras G12V -expressing HPNE cells (HPNE/Kras) were grown in medium containing one volume of M3 Base F culture medium, three volumes of glucose-free Dulbecco's modified eagle's medium, 10% fetal bovine serum, 5.5 mM glucose and 10 ng/ml epidermal growth factor. human papilloma virus (HPV) E6E7-immortalized HPDE cells and Kras G12V -expressing HPDE cells (HPDE/Kras) were cultured at 37°C in 5% CO 2 in keratinocyte serum-free medium supplemented with 50 μg/ml bovine pituitary extract and 5.0 ng/ml epidermal growth factor. HPNE/Kras and HPDE/Kras had been established in our previous studies and stably express mutant active Kras. 16, 38 The other cell lines were grown in Dulbecco's modified eagle's medium supplemented with 10% fetal bovine serum at 37°C in 5% CO 2 .
Patients and samples A total of 104 PDAC patients who had undergone curative resection in Fudan University Shanghai Cancer Center (China) from January to December 2012 were enrolled in this study. Specimens of PDAC and paired tumor-adjacent pancreatic tissues were collected, all of which were confirmed by their pathology. All patients have complete medical records. Detailed clinicopathological characteristics are summarized in Supplementary Table S3 . None of the patients received preoperative chemoradiation treatments. These samples were used for the immunohistochemical analysis.
Plasmid construction, transfection, lentiviral production, infection and establishment of stable cell lines. Detailed methods can be found in Supplementary Table S4 .
Western blot and quantitative PCR analyses
Western blot and quantitative PCR assays of cells were performed as described previously. 3, 16, 38 Q-PCR primer sequences were shown in Supplementary Table S4 .
Tissue microarray and immunohistochemistry
Tissue microarrays were constructed and immunohistochemistry was performed as described previously. 39 Evaluation of immunohistochemical variables in the tissues was performed using a Leica CCD camera DFC420 connected to a Leica DM IRE2 microscope (UK). SOX9, MCM2 and MDC1 immunostaining was assessed using the semiquantitative histological score (H-score) approach, which combines the intensity and number of cells positive for each marker expression. Ten random × 400 microscopic fields per slide were evaluated. The mean percentage of positively stained cells was scored as follows: 0% (0); 1-10% (1); 11-25% (2); 26-50% (3); 51-75% (4) and 76-100% (5). Staining intensity was categorized as follows: -(0);+(1); ++ (2) +++ (3) and ++++ (4) . The evaluation of immunohistochemical variables was performed without knowledge of the clinicopathologic data by two independent investigators. Where discrepancies were observed, results were jointly assessed by both investigators and the final score was formed by consensus.
Cell proliferation and colony formation assay For cell proliferation assay, methyl thiazolyl tetrazolium assays were performed in triplicate on 96-well plates as previously described. 16 A total of 500 cells contained in the complete growth media were seeded into sixwell plates for colony formation assay. The cells were allowed to grow into colonies for 2 weeks at 37°C under 5% CO 2 . Finally the cells were stained with crystal violet. The representative wells of each experiment were photographed.
RNA-seq and gene-set enrichment analysis Total RNA was extracted in biological triplicates using Trizol from MiaPaCa-2/SOX9-shRNA cells and control cells. RNA-seq was performed on Ion Proton platform at the MD Anderson Cancer Center Core Facility. The comparison of the gene expression profiles of the two groups was performed by using tophat2 and cuffdiff standard procedure. Genes with at least 2.0 fold changes between the two groups were considered statistically significant differential expression. Gene Set Enrichment Analysis was performed using the Gene Set Enrichment analyses software (http://www.broadinstitute.org/gsea). 40 Nude mouse orthotopic xenograft model A total of 1 × 10 6 viable cells in 50 μl of complete growth medium with 50% growth factor-reduced matrigel were injected into the pancreas of 4-6-week-old female non-obese diabetic/severe combined immunodeficient mice; a total of six mice were used for each experimental condition. The orthotopic injection of cells was performed as described previously. 1 
Statistical analysis
Analysis was performed with Prism 6.0 software (GraphPad, Aurora, CO, USA). Comparisons between two groups were conducted using the Student's t-test. The one-way analysis of variance was used when comparing more than two groups. For all immunohistochemical variables, the cutoff for definition of subgroups was the median value. Results were considered significant at a P-valueo0. 05 .
Additional details are provided in Supplementary information.
